Objective: To determine how short and long term complication rates after pacemaker implantation are influenced by patient morbidity, operator experience, and choice of pacing system. Design: Retrospective analysis of 1884 patients who received VVI (n = 610), VDD (n = 371), or DDD devices (n = 903) between 1990 and 2001. Follow up period was 64 (34) months. The influence of age, sex, coronary artery disease, myocardial infarction, reduced left ventricular (LV) function, right ventricular (RV) dilatation, atrial fibrillation, device type, and operator experience on operation time and complication rate were analysed. Results: Operation time was prolonged in patients with coronary artery disease, inferior myocardial infarction, reduced LV function, and RV dilatation. Implantation of DDD pacemakers prolonged operation time, particularly among operators with a low or medium level of experience. The overall complication rate was 4.5%. Sixty seven per cent of these complications occurred within the first three months. Complication rate was increased by age, reduced LV function, and RV dilatation. Implantation of DDD systems led to a higher complication rate (6.3%) than implantation of VVI (2.6%) or VDD pacemakers (3.2%). These differences were present only among operators with a low or medium level of experience. Conclusions: Operation time and complication rate increased with age, impaired LV function, and RV dilatation. Complication rates were higher with DDD than with VVI or VDD implantation and were excessive among inexperienced but not experienced operators.
A V, atrioventricular; CTOPP, Canadian trial of physiologic pacing; LV, left ventricular; MOST, mode selection trial in sinus node dysfunction; PASE, pacemaker selection in the elderly; RV, right ventricular Investigators in the CTOPP (Canadian trial of physiologic pacing) study reported an overall incidence of perioperative complications of 9.0% for dual chamber pacing compared with 3.8% for ventricular pacing among patients with atrioventricular (AV) block. 1 Although implantation of dual chamber devices is technically more challenging and time consuming, the difference in complication rates between single and dual chamber pacing is not consistent in all studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In another large randomised study, MOST (mode selection trial in sinus node dysfunction), the 30 day complication rate of 4.8% was substantially lower for dual chamber pacemaker implantation. 4 The Danish pacemaker register, the largest available database so far, reported an average overall perioperative complication rate of 3.5% over five years. 5 Sixty five per cent of the pacemakers implanted were DDD pacemakers. Although some of these differences in complication rates may be explained by the closer follow up of patients in prospective randomised trials, different levels of operator experience may also have an important role. [8] [9] [10] Some authors argue that in the hands of experienced operators dual chamber pacing carries no higher risk of early complications than single chamber pacing. 10 Another factor that may have a substantial impact on complication rates is patient co-morbidity, particularly since a significant number of patients in large trials are affected by coronary heart disease, reduced left ventricular (LV) function, or atrial fibrillation. [1] [2] [3] [4] For patients with AV block, VDD pacing may be an interesting alternative to achieve physiological pacing at a lower complication rate than DDD pacing. [12] [13] [14] However, long term complication rates of VDD pacing have not been systematically investigated so far. We analysed 1884 consecutive patients from our institutional database to determine how short and long term complication rates were influenced by patient morbidity, operator experience, and choice of pacing system.
PATIENTS AND METHODS

Patient characteristics and pacing systems
We retrospectively evaluated 1884 patients who received either a VVI (n = 610), a VDD (n = 371), or a DDD (n = 903) pacemaker system at the University Hospital of Luebeck, Germany between 1990 and 2001. All patients underwent 12 lead ECG, chest radiography, echocardiography, and a pacemaker follow up before discharge from hospital. Table 1 lists patient characteristics and pacing systems used, as well as echocardiographic criteria for reduced LV function and right ventricular (RV) dilatation. Coronary artery disease was defined as being present if angiographic criteria were fulfilled or the patient had a history of myocardial infarction. In the VVI group, patients were significantly older than patients with DDD or VDD pacemakers and had a higher incidence of structural heart disease and atrial fibrillation.
Implantation procedure
Operations were performed in an operating theatre according to our institutional standard, which remained unchanged during the study period. Briefly, a pectoral incision was made under local anaesthesia. Venous access was achieved by cephalic cut down whenever possible. If preparation of the cephalic vein failed or insertion of the second lead was impossible, the subclavian vein was punctured directly. An atrial lead position was accepted when the potential amplitude was . 2.0 mV and the pacing threshold was , 1.5 V at a 0.5 ms pulse duration. Smaller values were accepted only when the required criteria had not been met at four different anatomical positions. A ventricular lead position was accepted when the potential amplitude was . 6 mV and the pacing threshold was , 1 V at 0.5 ms. The atrial dipole of VDD leads was positioned at a low, medium, and high atrial position according to anterior-posterior fluoroscopy. The position that achieved the highest atrial potential at deep inspiration was chosen. When the atrial amplitude was , 0.8 mV at any position, an active fixation lead was implanted. 15 For all pacing systems, the implantation standard was not fulfilled in 3.4% of all implantations. Antiplatelet medication was continued perioperatively. Oral anticoagulation was discontinued 3-5 days before the operation and replaced by intravenous heparin whenever stringent anticoagulation was indicated. Heparin was discontinued two hours before the operation and restarted afterwards. Prophylactic antibiotics were given perioperatively in almost all cases; however, the antibiotic regimen was not consistent during the study period. In the majority of cases, a first generation cephalosporin was administered once preoperatively and three times postoperatively. Other antibiotics used were flucloxacillin, vancomycin, and ampicillin plus sulbactam, sometimes for as long as three days postoperatively at the operator's discretion.
Operator experience
Before inclusion into the study, operators had to have performed at least 25 implantations under direct supervision of an experienced operator. Operator experience was assessed by the number of implantation that he or she had performed before the study implantation. For clarity, three levels of experience were defined, which are supported by previous studies that investigated the influence of operator experience on complication rates [8] [9] [10] : fewer than 50 implantations denoted a low (level 1), between 50 and 100 implantations a medium (level 2), and more than 100 implantations a high level of experience (level 3). Operators who implanted DDD pacemakers were significantly more experienced than operators who implanted VDD or VVI pacemakers (table 1).
Complications
A complication was defined as an event that required either surgical revision-that is, lead dislodgment, loss of sensing or exit block, cardiac perforation, pocket haematoma, infection, or erosion-or an invasive procedure, such as a pleural catheter for pneumothorax or drainage of a haemothorax. Early complications were those that occurred within the first three months after implantation and late complications occurred thereafter.
Follow up
Follow up was performed at our outpatient clinic at six month intervals. Mean (SD) follow up period was 64 (34) months.
Statistical analysis SPSS for Windows version 10.0.1 (SPSS Inc, Chicago, Illinois, USA) was used for statistical analysis. Data are expressed as mean (SD). For normally distributed variables, univariate data were compared between the three groups by a one way analysis of variance with a post hoc analysis by Scheffe's method. Non-normally distributed variables were compared with the Kruskal-Wallis test with a post hoc Neminye procedure. Frequencies were compared by x 2 test or in subgroups with low sample size by Fisher's exact test. Differences in operation and fluoroscopy times of the pacemaker systems were evaluated in a multivariate linear regression model including age, sex, coronary artery disease, history of inferior myocardial infarction, reduced LV function, RV dilatation, and atrial fibrillation. A Cox regression hazard model was used to compare the cumulative complication hazard between the pacemaker system. Data were analysed both unadjusted and adjusted for the clinical covariates mentioned above. A probability value of p , 0.05 was considered significant.
RESULTS
Implantation
Operation and fluoroscopy time were significantly prolonged in patients with coronary artery disease, inferior myocardial infarction, reduced LV function, and RV dilatation (table 2) . Implantation and fluoroscopy times were significantly influenced by the implanted pacemaker device and by the experience of the operator (fig 1) . Implantation of a DDD pacemaker prolonged operation and fluoroscopy times particularly among operators with a low (level 1) or a medium level (level 2) of experience, whereas the device dependent difference in implantation times was substantially lower among highly experienced operators (fig 1) . Implantation times did not differ significantly between VVI and VDD pacemaker implantation independent of the level of operator experience. Implantation time decreased with the operators' cumulative number of implantations; however, this decrease was more pronounced for DDD pacemaker implantation.
The need for subclavian vein puncture increased mean implantation time by 13.5 (95% confidence interval (CI) 12.1 to 14.9) minutes and fluoroscopy time by 2.6 (95% CI 2.3 to 2.9) minutes, regardless of which pacemaker system was implanted. The frequency of subclavian, as opposed to cephalic, access was not significantly influenced by the level of experience but was higher in DDD pacemaker implantation (table 1) .
In a multivariate regression analysis, implantation of a DDD pacemaker, level of experience, need for subclavian vein puncture, and presence of RV dilatation were identified as independent predictors for prolonged implantation and fluoroscopy times (fig 2) .
Complication rates
Early complications
The overall rate of complications with need for surgical revision was 4.5%. Sixty seven per cent of these complications occurred within three months after implantation. Reasons for an early surgical reintervention were lead dislodgment, loss of sensing or exit block of the atrial lead (2.0% of DDD pacemaker implantations), pocket bleeding (0.6%), pneumothorax (0.6%), microdislocation of the ventricular lead (0.6%), and myocardial perforation by the ventricular lead (0.1%). Associated with the higher incidence of subclavian vein puncture, the rate of pneumothoraces was significantly higher with DDD pacemaker implantation (1.1%) than with VDD and VVI implantation (0.1%, p, 0.001). If the implantation standards for pace and sense characteristics were not fulfilled, the overall complication rate was 6.3% compared with 4.5% (p = 0.53).
Late complications
During further follow up, the annual complication rate was 0.5%/year. Reasons for later surgical reintervention were sensing failure or exit block of the ventricular (0.7%) or the atrial lead (0.2% of DDD implantations), symptomatic atrial undersensing of VDD devices (0.5% of VDD implantations), sinus node syndrome in patients with VDD devices (0.3% of VDD implantation), pacemaker syndrome in VVI pacing (0.6% of VVI implantations), defects of lead insulation (0.4%), pocket or lead infection (0.3%), erosion of the pacemaker pocket (0.2%), and late perforation of the ventricular lead (0.05%).
Influence of patient morbidity and operator experience The incidence of complications was increased among patients aged . 74 years (5.7% v 3.1%, p = 0.006) or with reduced LV function (7.9% v 3.2%, p , 0.001) or RV dilatation (10.4% v 3.1%, p , 0.001). (Micro)dislocation, sensing failure, and exit block of the ventricular lead occurred more often among patients with RV dilatation: 3.3% compared with 0.5% among patients with a normal RV diameter (p , 0.001). Pneumothoraces or lead fractures were not observed when the cephalic route was used; however, after subclavian vein puncture, pneumothoraces occurred in 1.0% and insulation defects in 0.7% of patients. Implanters with a low level (level 1) of experience had a substantially higher complication rate (9.1%) than operators with medium (level 2: 5.8%) or high level of experience (level 3: 2.7%, p , 0.05 for all comparisons). After more than 200 implantations, the complication rate decreased to 1-2%; a further increase in number of implantations did not substantially lower the complication rate.
In DDD pacemaker implantation, the complication rate was twice as high as in VVI or VDD pacemaker implantation: 6.3% versus 2.6% (p , 0.001) and 3.2% (p = 0.03), respectively. Device dependent differences were significant only when the operation was performed by implanters with a low or medium experience level rather than by highly experienced implanters (fig 3) .
In a multivariate Cox regression analysis, patient age . 74 years, the presence of RV dilatation, and the experience of the implanter were independently predictive for the occurrence of a complication (fig 4) . The adjusted hazard ratio for the cumulative experience-the number of pacemakers implanted regardless of the type of pacing system-was 0.994 (95% CI 0.990 to 0.997). This accounts for a relative risk reduction of 0.6% for each implantation.
For implanters with low and medium experience levels, the adjusted complication hazard of a DDD pacemaker implantation was significantly higher than for VDD or VVI implantation (fig 4) . However, this difference was not observed for highly experienced implanters. After correction for surgical experience, device dependent differences were no longer significant.
DISCUSSION
Patient age and structural diseases of the LV and particularly the RV influence operation times and complication rates of pacemaker implantation. Although in general complications rates are lower with higher levels of experience, [8] [9] [10] a device specific analysis in our study showed that DDD pacemaker implantation by operators with a low level of experience carries a considerably higher risk of complications than VDD or VVI pacemaker implantation. Among experienced implanters we detected no device specific differences in complication rates. The learning curve for VDD pacing seems to be similar to that for VVI pacing.
Operation and fluoroscopy times
In a univariate analysis the presence of coronary artery disease, history of inferior myocardial infarction, reduced LV function, and RV dilatation were predictive for prolonged operation and fluoroscopy times. These factors are interrelated-for example, RV dilatation may be due to RV involvement after inferior myocardial infarction or to pulmonary artery hypertension after impaired systolic or diastolic LV function. 16 Owing to this interrelation, RV dilatation remained the only structural disease that significantly increased operation time in a multivariate analysis. Several reasons may contribute to this finding: stable ventricular lead fixation may be more difficult in a dilated and thin RV; and unfavourable pacing thresholds and signal amplitudes may cause more attempted lead placements particularly after RV infarction. 17 RV dilatation is often accompanied by tricuspid valve regurgitation and right atrial dilatation, which may additionally prolong placement times of atrial and ventricular leads. Interestingly, sinus node disease was not associated with long operation times. It has been argued that sinus node disease is accompanied by structural right atrial disease, which would presumably make the placement of the atrial lead more difficult, as the signal quality deteriorates in the presence of right atrial disease. 18 On the contrary, we found that operation times tended to be longer with AV nodal disease, most probably due to the association with structural heart ventricular disease. The need for puncture of a subclavian vein also prolonged operation and fluoroscopy times. This is attributable to the institutional standard that preparation of the cephalic vein be preferred as the access route for lead placement. Previous reports have shown that using the subclavian access as the route of choice shortens implantation times at the cost of a higher complication rate. 7 8 The rate of pneumothoraces after puncture of the subclavian vein is about 1% in most studies. 1 5-7 9 10 Consistent with previous studies, [6] [7] [8] [9] no pneumothoraces were observed when the cephalic vein was used for lead placement. Implantation of a DDD device significantly prolongs operation and fluoroscopy times. 5 10 This difference is caused predominantly by the placement of the atrial lead, which is technically more challenging. However, among experienced operators the operation time for implantation of DDD pacemakers was only marginally longer than for single lead devices. Interestingly, implantation times of VVI and VDD devices were not significantly different, regardless of operator experience. Our VDD implantation strategy, which requires little additional time by testing different positions in the atrium, has been shown to minimise the incidence of atrial undersensing. 15 Operation and fluoroscopy times were considerably shorter for operators with a high level of experience, particularly for DDD pacemaker systems. Operation and fluoroscopy times for operators with a low and medium level of experience were in the same range as those mentioned in the Danish pacemaker registry. 5 In general, short implantation times are advantageous in terms of cost effectiveness and a putatively lower rate of infection. 12 Complication rates A wealth of data exists on early complication rates. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, recent data on late complications are sparse, 5 6 particularly since complication rates must also be viewed in the light of progress in pacemaker technology. Improved implantation techniques, smaller and more durable leads, active fixation electrodes, and smaller pulse generators have been introduced, which makes it difficult to extrapolate historical data into the present. 11 19 We observed an early complication rate of 3.0% within the first three months after implantation and an overall complication rate of 4.5%. This result is comparable with recent data from the Danish pacemaker registry, which also includes hospitals with small implantation volumes. 5 The distribution of early complications is similar to that in other retrospective and prospective studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Our data support the view that the cephalic cut down technique reduces early complications and incremental costs associated with the treatment of pneumothoraces after pacemaker implantation. 9 RV dilatation has not been described as a predisposing factor for a higher complication rate. Complications arising from RV dilatation are (micro)dislocation of the ventricular lead, sensing failure, and exit block. Another factor predisposing to a higher complication rate was age . 74 years. The impact of age on complication rates after pacemaker implantation has not been thoroughly investigated. Among patients enrolled in the PASE (pacemaker selection in the elderly) study, 3 who were older than 65 years, 4.4% had complications requiring surgical revision, which is within the range of other prospective studies. In a smaller study, age . 80 years did not predispose to a higher complication rate. 20 The complication rate of older patients in our study was substantially higher with no predisposition to a specific complication. The reasons for this finding are speculative. Previous studies have reported a deterioration of atrial sensing with age 16 21 and a higher incidence of unipolar ventricular pacemaker malfunction. 17 This may be due to a certain degree of myocardial fibrosis in elderly patients. Moreover, we can hypothesise that elderly patients tend to be more agitated in the postoperative period and thus to be more prone to haematoma or early lead dislocation.
Late complications were observed in 1.5% of all patients at an annual complication rate of 0.5%. The overall incidence of lead defects was low in our study (0.9% of all implantations), although we used a high proportion of bipolar leads in our study. In the Danish pacemaker registry, the eight year survival rate of bipolar ventricular leads was initially only 75%, which was significantly lower than the survival rate for unipolar ventricular leads. 22 However, with more recent bipolar electrode designs, the incidence of ventricular lead dysfunction for bipolar leads seems to be comparable with that for unipolar leads. 6 23 The rate of lead dysfunction observed in our study is not higher than that in the Danish pacemaker registry, where a high proportion of unipolar ventricular leads was used. 5 As an institutional standard, atrial active fixation leads were used in all cases. Complication rates of active and passive fixation leads have been systematically investigated in only a few small studies with no substantial differences. 24 25 From a theoretical point of view, active fixation leads ought to have a lower dislocation rate. Although a higher incidence of exit block was described for active fixation leads, this does not apply to steroid eluting leads. 26 There has been concern about the long term performance of the technically more complex VDD leads. 13 14 This is not supported by our data and other recent studies. 21 27 An infrequent but serious late complication is late perforation of a ventricular lead, an observation that was recently highlighted in a report by Ellenbogen and colleagues. 28 We observed this late complication in a single patient during our study period.
Influence of operator experience
Concordant with previous reports, [8] [9] [10] the complication rate decreased significantly with a higher level of operator experience. Interestingly, the influence of experience on the complication rate differed considerably according to the pacemaker system implanted. Complication rates were considerably lower for VVI and VDD systems than for DDD systems among operators with a low or medium level of experience but not with a high level of experience. The higher complication rates for dual chamber pacing in some prospective studies may thus be explained by a high proportion of inexperienced operators. 1 7 This view is supported by two other studies, which found similar complication rates for single and dual chamber pacemakers among experienced operators. 9 10 In our setting, which included learning curves of six operators, more than 100 pacemaker implantations seem to have been necessary to achieve a low complication rate. Independent of the pacemaker system implanted, the relative risk of acquiring a complication decreases by 0.6% with each implantation performed. Initially, there seems to be a linear correlation between the number of operations and the complication rate. Although complication rate does not seem to decrease further after 200 implantations, owing to the limited number of operators it is difficult to give an exact cut off point where the complication rate does not decrease further with increased operator experience. Remarkably, the initial learning curve for single lead VDD pacemaker implantation is steeper than for DDD systems, and implantation does not result in a higher complication rate than with VVI pacing even at a low level of operator experience. Since single lead VDD pacing offers AV synchrony levels comparable with DDD pacing, 12-14 29 VDD pacing may be a good alternative for centres with low implantation volumes when AV synchronous pacing in AV block is to be achieved.
Study limitations
The results presented in this study are based on the database of a German university hospital that serves as a referral centre. Institutional preferences, selection of specific pulse generators and leads, volume of implantations each year, and individual experience and skills may have influenced the results of our study. All operations in our study were performed in an operating theatre by cardiologists. Previous studies suggest that operations performed by surgeons in the operating theatre or by cardiologists in a catheterisation laboratory yield comparable complication rates. [30] [31] [32] As the merits of VDD pacing were systematically investigated at our institution, a relatively high number of VDD devices were implanted during the study period. 29 Thus, complication rates of VDD pacing may be higher at institutions with less expertise for VDD pacing. The perioperative antibiotic regimen may also have an impact on postoperative infections. 33 The effect of different antibiotic regimens on complication rates cannot be derived from our data, as the total number of infections was low and the antibiotic regimen was not consistent during the study period. Some patients may have been lost to follow up and might have sought treatment at other hospitals for their respective complication. Since we considered only complications that required an operative revision, less severe complications of pacemaker implantation were not registered.
Conclusions
Patient morbidity influences implantation times and complication rates. Particularly, RV dilatation, reduced LV function, and patient age predispose to higher complication rates. This study shows in a large patient cohort that operation and fluoroscopy times, as well as complication rates, depend on operator experience. Operators with a high level of experience do not seem to be associated with the higher complication rates for DDD pacemakers found in recent multicentre trials. If physiological pacing in AV block is to be achieved, VDD pacing offers an interesting alternative, since the learning curve for VDD systems among inexperienced operators seems to be similar to that for VVI systems. Secondary collapse of a Palmaz stent implanted for native aortic coarctation A 21 year old woman was referred for native aortic coarctation. At 6 months of age she had had a repair of an aortopulmonary window, at 12 months a surgical closure of an atrial septal defect, and at 7 years a left pneumonectomy. During the first years of life aortic coarctation was not discovered.
At presentation she had systemic hypertension and superior-inferior limb gradient of 30 mm Hg. Echocardiography and magnetic resonance imaging confirmed aortic coarctation. Direct stenting of the coarcted segment was performed utilising a Palmaz 308 stent mounted on an 18 mm balloon. After stenting there was no residual gradient and the profile of the aortic hysthmus was regular.
Six months later the patient still had systemic hypertension and a superior-inferior limb gradient of 40 mm Hg. Computed tomography showed deviation of the heart, deformation (panel A), and possible rupture (panel B) of the stent, and did not identify any cause of extrinsic compression.
The risk of surgical repair of coarctation was considered to be elevated, thus, redilation of the stent was attempted, utilising a 18 mm balloon. Peak to peak gradient diminished from 50 to 20 mm Hg and aortic profile appeared more regular.
Two months after the second catheterisation systemic hypertension persisted and there was a superior-inferior limb gradient of 50 mm Hg. Computed tomography showed an incompletely expanded stent, with a transversal diameter of 8.8 mm (panel C) and an axial diameter of 4.6 mm (panel D).
In June 2003, the patient had implantation of a right conduit between the ascending and descending aorta. At last follow up she was asymptomatic and had a normal aortic pressure.
We are unable to explain the reasons for the repeated stent collapse, apart from a possible compression between the spine and the beating heart.
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